Introduction {#s1}
============

Gliomas are the most common and aggressive primary tumors in the central nervous system; the average survival for glioblastoma patients is only 14 months [@pone.0083055-Zhang1]. There have been advancements in surgery, radiation and medical therapies for the treatment of glioblastoma, but the etiology of the disease is largely unknown [@pone.0083055-Xu1]. Hence, it is crucial to identify the critical carcinogenic pathways and identify new and effective therapeutic targets for this devastating disease.

MXI1 is a member of the Mad family of transcription factors that counteracts the activity of c-Myc, which activates transcription and promotes cell proliferation by competing with Max and by recruiting the Sin3 transcriptional repressor [@pone.0083055-SchreiberAgus1], [@pone.0083055-Laherty1]. MXI1 can also directly repress the transcriptional activity of the c-Myc promoter [@pone.0083055-Lee1]. Knockout experiments in mice have confirmed the tumor suppressor role of MXI1 [@pone.0083055-SchreiberAgus2]. MXI1 is located at 10q24-25 [@pone.0083055-Wechsler1], [@pone.0083055-Edelhoff1] a region where loss of heterozygosity (LOH) has been reported to occur in several human cancers, including prostate tumors, renal cell carcinomas, meningiomas, endometrial cancers, small-cell lung cancers and gliomas [@pone.0083055-Wang1]. Several studies have reported MXI1 mutations in prostate tumor specimens [@pone.0083055-Prochownik1], [@pone.0083055-Eagle1], but these mutations appeared to be rare in both prostate tumors [@pone.0083055-Li1], [@pone.0083055-Kawamata1] and gliomas [@pone.0083055-Wechsler2], [@pone.0083055-Fults1]. It has also been reported that the MXI1 gene is often expressed at a low level in testicular tumors [@pone.0083055-Skotheim1].

Wechsler et al\'s work showed that MXI1 suppresses human glioma cell growth [@pone.0083055-Wechsler2]; in the presence of normal levels of c-Myc, the inactivation of the MXI1 gene enhances proliferation and inhibits differentiation. Consistent with this, in the G2/M phase, the overexpression of MXI1 promotes the differentiation of glioma cells and decreases the cell proliferation via repressing the cyclin B1 gene expression during transcription [@pone.0083055-Manni1]. Therefore, it could be predicted that in certain tumors, the loss of MXIl function may lead to tumor progression [@pone.0083055-Wechsler2]. Based on these studies, we hypothesized that the down-regulation of MXI1 may lead to the acceleration of cell proliferation. However, the molecular mechanism of MXI1 down-regulation is still unclear. Accumulating evidence suggests that microRNAs (miRNAs) are involved in the process of glioma formation and growth [@pone.0083055-Zhang1]. miRNAs regulate gene expression primarily via their interaction with the 3′UTRs of target mRNAs, resulting in mRNA decay or translational repression [@pone.0083055-Eulalio1], [@pone.0083055-Lujambio1]. Therefore, we speculated that some miRNAs may be responsible for the low expression of MXI1 in gliomas.

In this study, we demonstrated that the expression level of MXI1 was very low in glioma cell lines. By computational prediction and experimental confirmation, we identified miR-155 as one miRNA that directly targets MXI1 and down-regulates MXI1 mRNA and protein level. miR-155 is an oncogenic miRNA encoded by an exon of the noncoding RNA known as the B-cell integration cluster (BIC) [@pone.0083055-Rodriguez1], which is located on chromosome 21, was originally identified as a common retroviral integration site for the avian leukosis virus, and has been found to be transcriptionally activated in B-cell lymphomas [@pone.0083055-Kluiver1]--[@pone.0083055-Eis1]; we therefore investigated the role of miR-155 in promoting the proliferation of glioma cells. Furthermore, we determined the expression levels of MXI1 and miR-155 in 18 sets of glioblastoma multiforme specimens and paired normal tissue specimens. Additionally, we demonstrated that the level of MXI1 mRNA is inversely correlated with miR-155 expression. Together, these results indicate that miR-155 promotes glioma cell proliferation partially by down-regulating the expression of MXI1; this result suggests that MXI1 could be a new functional target of miR-155 in glioma formation.

Materials and Methods {#s2}
=====================

Vector construction {#s2a}
-------------------

To express miRNAs, human genomic fragments containing miRNA precursors (pre-miRNAs) with 80 to 150 bp of flanking sequences on both sides were amplified and cloned into the modified pLL3.7 vector under the control of the human U6 promoter. The synthesized oligonucleotides used for pre-miRNA cloning are listed in [Table S1](#pone.0083055.s001){ref-type="supplementary-material"}. The full-length 3′UTR of MXI1 and the first and second halves of the MXI1 3′UTR were cloned downstream of the *Renilla* luciferase reporter gene in the psiCHECK-2 vector (Promega, Madison, WI, USA). Mutations in the seed region of miR-155 binding sites were introduced into MXI1 luciferase reporters using overlap PCR. Human MXI1 cDNA without its native 3′UTR was cloned into the XhoI and BamHI sites downstream of the CMV promoter in the cDNA expression vector pcDNA-neo, which was modified from pcDNA3.1. These constructs were named pLL3.7-miRNAs, MXI1-3′UTR, MXI1-3′UTR1, MXI1-3′UTR2, MXI1-3′UTR1 mut, MXI1-3′UTR2 mut, and MXI1 cDNA. The primers employed above were as follows: MXI1-3′UTR F: 5′-CTCGAGTAGAACCCAGCATGACATAACAGTG-3′, MXI1-3′UTR R: 5′-GGATCCTTCTTCGTTCACAGTTTTTATTTCTTC-3′; MXI1-3′UTR1 F: 5′-CCGCTCGAGGACATAACAGTGCAGGGCAAAATA-3′, MXI1-3′UTR1 R: 5′-CGGGATCCAAACAGCCAGGGGTAAGGTCTC-3′; MXI1-3′UTR2 F: 5′-CCGCTCGAGATTGATAGATCTTTATGTTTAGATAGGGCTGGGCAAG-3′, MXI1-3′UTR2 R: 5′-CGGGATCCTCTTCGTTCACAGTTTTTATTTCTTC-3′; MXI1-3′UTR1-mut F: 5′-ATTTTGATGCTCGTAATGATAATGATAAAACACCTC-3′, MXI1-3′UTR1-mut R: 5′-TTTATCATTATCTTACGAGCATCAAAATAGATGATT-3′; MXI1-3′UTR2-mut F: 5′-GCCTTCGCTTCGUAATATTGGGCCTTCATTCAGATGA-3′, MXI1-3′UTR2-mut R: 5′-ATGAAGGCCCAATATTACGAAGCGAAGGCCATGAGAA-3′; MXI1 cDNA F: 5′-CACAACTCGAGATGGAGCGGGTGAAGATGATCAAC-3′, and MXI1 cDNA R: 5′-AAGGATCCTGCACTGTTATGTCATGCTGGGT-3′. All the constructs were confirmed by DNA sequencing.

Cell lines, patient specimens, cell culture and cell transfection {#s2b}
-----------------------------------------------------------------

HEK-293T (293T) cells and the human glioma cell lines U87, U251 and A172 were obtained from the American Type Culture Collection (Manassas, VA, USA) and maintained in a 37°C, 5% CO~2~ incubator in DMEM supplemented with 10% fetal bovine serum (FBS) and penicillin/streptomycin (100 U/ml). Brain normal tissues, glioblastoma multiforme specimens (GBM, WHO IV) and their corresponding normal adjacent tissues were obtained during surgery from patients at the Affiliated Shantou Hospital of Sun Yat-sen University (Shantou Central Hospital). All of the samples were obtained with patients\' written informed consent and were histologically confirmed. The study was approved by the Ethics Committee of Shantou Central Hospital.

The miR-155 mimic, the miR-155 inhibitor, and their cognate control RNAs were synthesized and purified by GenePharma, Shanghai, China. The RNA sequences mentioned above were as follows: miR-155 mimic: sense 5′ UUAAUGCUAAUCGUGAUAGGGTT 3′ and antisense: 5′ CCCUAUCACGAUUAGCAUUAATT 3′. Mimic control: sense 5′ UUGUCCGAACGUGUCACGUTT 3′ and antisense: 5′ ACGUGACACGUUCGGAGAATT 3′. miR-155 inhibitor: 5′ ACCCCUAUCACGAUUAGCAUUAA 3′. Inhibitor control: 5′ CAGUACUUUUGUGUAGUACAA 3′. The control RNAs contain random sequences that are not predicted to have any interactions in cells. Cell transfection was performed using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) according to the manufacturer\'s instructions. To transfect RNA oligonucleotides, 100 nmol/L of miRNA mimic or antisense oligonucleotides were used. The transfection efficiency was estimated to be approximately 80% for U87, U251 and A172 cells by using Cy3 dye-labeled RNA oligonucleotides (Ribobio, Guangzhou, China). Plasmid transfection was performed using FuGENE HD (Roche, Basel, Switzerland) according to the manufacturer\'s instructions. 4 µg of DNA was used for each transfection, and transfections were carried out in a six-well plate. For the MXI1 rescue experiment, cells were cotransfected with 100 nmol/L of miRNA mimic and 0.1 µg of plasmid in a 96-well plate. For luciferase reporter assays, U87 cells or 293T cells were plated onto 96-well plates and transfected with 50 ng of luciferase reporter vectors and 150 ng of either pLL3.7-miR-155 or pLL3.7-miR-control vector using FuGENE HD according to the manufacturer\'s instructions.

Dual-luciferase reporter assay {#s2c}
------------------------------

The cells were harvested 48 h after transfection and luciferase activity was assessed using the dual-luciferase reporter assay system (Promega, Madison, WI, USA) according to the manufacturer\'s instructions. *Renilla* luciferase activities were normalized to firefly luciferase activities.

Western blotting {#s2d}
----------------

U87 or 293T cells were lysed with RAPI lysis buffer (BioTeke, Beijing, China) 48 h after transfection. The whole-cell protein concentration was determined by bicinchoninic acid protein assay kit (Beyotime, Shanghai, China). Heat-denatured protein samples (20 µg per lane) were loaded onto a 12% SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to a PVDF membrane (Millipore, Bedford, MD, USA). The membrane was incubated for 2 h at room temperature with a primary goat polyclonal antibody against human MXI1 (1∶500; Santa Cruz Biotechnology, Santa Cruz, CA, USA) or mouse monoclonal antibody against human β-actin (1∶5000; Abcam, Cambridge, MA, USA) and then incubated for 1 h with a rabbit anti-goat (1∶5000; Abcam, Cambridge, MA, USA) or goat-anti-mouse (1∶10,000; Jackson ImmunoResearch, West Grove, PA, USA) secondary antibody. The bound antibody was detected with the use of enhanced chemiluminescence detection reagents (Pierce, Rockford, IL, USA) according to the manufacturer\'s instructions. The band intensities were quantified with Kodak Image Station 4000 MM Pro (Kodak, Tokyo, Japan).

RNA extraction and real-time quantitative reverse transcription-PCR {#s2e}
-------------------------------------------------------------------

Total RNA was extracted from cells or tissues using Trizol (Invitrogen, Carlsbad, CA, USA) and reverse transcribed using ReverTra-Ace-α-Transcriptase (TOYOBO Corp., Osaka, Japan). The expression of miR-155 in human tissues was quantified using the SYBR® Premix Ex Taq™ II (Tli RNaseH Plus) kit (Takara Corp., Tokyo, Japan). U6 small nuclear RNA was used as an internal normalized reference. The primers for miR-155 and U6 were purchased from Ribobio, Guangzhou, China. The sequences of the forward and reverse primers to determine MXI1 mRNA levels were 5′-GGAAAAGAATCGACGAGCTCAT-3′ for the forward primer and 5′-GGGTGCAGTCTGGTCCTAGTG-3′ for the reverse primer, with GAPDH as an internal reference. The GAPDH primer sequences were as follows: the forward primer 5′-CCCATGTTCGTCATGGGTGT-3′ and the reverse primer 5′-TGGTCATGAGTCCTTCCACGATA-3′. The quantitative PCR was performed on a LightCycler 480 Real-Time PCR system (Roche, Basel, Switzerland). The data were collected and analyzed using LightCycler 480 Software Version 1.5. The relative fold changes in miRNA or mRNA expression in treated cells vs. control cells or brain cancer tissues vs. normal brain tissues were calculated using the comparative Ct (2^−ΔΔCt^) method [@pone.0083055-Livak1]. All reactions were carried out in triplicate.

Cell proliferation assays {#s2f}
-------------------------

Glioma cell proliferation was measured by directly counting cell number, MTT assays and 5-ethynyl-20-deoxyuridine (EdU) incorporation assays. EdU staining was conducted using an EdU assay kit (Ribobio, Guangzhou, China) according to the manufacturers\' instructions. To count cell number, 9×10^4^ cells were plated in a 6-well plate, transfected with miRNA mimic or mimic control, and counted after 3 days under a microscope (Nikon, Tokyo, Japan). All experiments were performed in triplicate and three independent repeating experiments were performed. For the MTT assay, one day before transfection, 3×10^3^ U87 cells were seeded into each well of a 96-well plate. 72 h after transfection, MTT reagent (5 mg/ml) was added directly to the medium, and the plate was incubated in a 37°C, 5% CO~2~ incubator for 4 h. The supernatant was removed, and 100 µl of DMSO was added to each well and thoroughly mixed for 10 min. The spectrometric absorbance of the samples at 490 nm was measured on a microplate reader (BioTek, Winooski, USA). All experiments were performed in triplicate and three independent repeating experiments were performed. For the EdU incorporation assay, 4×10^3^ U87 cells were cultured in triplicate in 96-well plates for 24 h at 37°C. 48 h after transfection, 50 µM of EdU was added to each well, and the cells were cultured for additional 2 h at 37°C. The cells were fixed with 4% formaldehyde for 30 min and permeabilized with 0.5% Triton X-100 for 10 min at room temperature. After the wells were washed with PBS three times, 100 µl of 1×Apollo reaction cocktail was added to each well, and the cells were incubated for 30 min at room temperature. The cells were subsequently stained with 100 µl of Hoechst 33342 for 30 min and visualized under an ECLIPSE Ti-U fluorescent microscope (Nikon, Tokyo, Japan). The EdU-positive cells (red cells) were counted using NIS-Elements BR 3.0 software (Nikon, Tokyo, Japan). The EdU incorporation rate was expressed as the ratio of the number of EdU-positive cells (red cells) to the total number of Hoechst 33342-positive cells (blue cells). All experiments were performed in triplicate and three independent repeat experiments were performed.

Caspase assay {#s2g}
-------------

3×10^3^ U87 cells were transfected in 96-well plates. The enzymatic activities of caspase-3 and caspase -7 were measured 48 h after transfection with the Caspase-Glo 3/7 Assay kit according to the manufacturer\'s protocol (Promega, Madison, WI, USA).

Statistical analysis {#s2h}
--------------------

The data are presented as the mean ± standard deviation (±SD) of at least three separate experiments. The data were analyzed using Student\'s t-tests. *P* values\<0.05 was considered significant; *P* values\<0.01 were considered to be extremely statistically significant differences. Data analyses were performed with Prism software (version 5.0; GraphPad Software, La Jolla, CA, USA) and Excel software (Microsoft, Redmond, WA, USA).

Results {#s3}
=======

MXI1 is down-regulated and targeted by multiple miRNAs in glioma cells {#s3a}
----------------------------------------------------------------------

To evaluate the role of MXI1 in gliomas, we first determined the expression level of MXI1 in A172, U87 and U251 glioma cells by quantitative reverse transcription-PCR (qRT-PCR). The level of MXI1 mRNA is significantly lower in glioma cell lines than the level in human normal brain tissues ([Fig. 1A](#pone-0083055-g001){ref-type="fig"}). We hypothesized that some miRNAs, especially up-regulated miRNAs, might be responsible for the low expression of MXI1 in gliomas.

![Screening for miRNAs targeting MXI1.\
(A) qRT-PCR analysis of MXI1 expression level in human normal brain tissues (N1, N2, N3 and N4) and human glioma cell lines (A172, U87 and U251), using GAPDH as internal control. (B) Venn diagram showed the predicted MXI1 3′UTR binding miRNAs that were reported to be up-regulated in gliomas. (C) Effect of 30 miRNAs on the activity of a luciferase reporter gene that is fused with full-length MXI1 3′UTR in 293T cells as tested using a luciferase reporter assay. The data were normalized to the ratio of firefly and Renilla luciferase activities measured at 48 h post-transfection. The results were presented as the relative luciferase activity and normalized to the control, which was assigned a value of 1. The values represent the mean ± SD from three independent transfection experiments. Significant differences from the control value are indicated by \* *P*\<0.05, \*\* *P*\<0.01.](pone.0083055.g001){#pone-0083055-g001}

To investigate which miRNAs might target MXI1, we predicted potential MXI1-binding miRNAs using the miRanda algorithm [@pone.0083055-John1] and found that 190 miRNAs could target MXI1. To find the miRNAs that may down-regulate MXI1 under pathogenic conditions, we searched for miRNAs that are highly expressed in gliomas according to eight recently published papers [@pone.0083055-Ciafre1]--[@pone.0083055-Wuchty1]. We hypothesized that the miRNAs that were reported to be up-regulated in at least two of the eight papers would be more reliable than those reported in one paper. One hundred and six miRNAs were chosen for further analysis using this approach ([Fig. 1B](#pone-0083055-g001){ref-type="fig"}). Among the 106 miRNAs, we found 33 miRNAs that were predicted to target MXI1 and up-regulated in gliomas. We then tested 30 (whose precursor expression vectors were available in our miRNA expression library [@pone.0083055-Zhou2]) of these 33 miRNAs using a dual luciferase assay. 12 of these 30 miRNA precursor expression vectors could down-regulate the activity of a luciferase reporter gene that is fused with full-length MXI1 3′UTR in 293T cells (Student\'s t-test, p\<0.05) ([Fig. 1C](#pone-0083055-g001){ref-type="fig"}). Among the tested miRNA precursors, the effects of miR-155, miR-24-2 and miR-27a are the most obvious. Because the miRNA precursors of miR-27a and miR-24-2 are located in the miR-23a∼24-2∼27a cluster, we studied the function of this cluster separately [@pone.0083055-Xu2]. In this study, we focused on miR-155, which is the strongest inhibitor of the reporter gene and is highly expressed in gliomas [@pone.0083055-Rao1], [@pone.0083055-Lages1], [@pone.0083055-Skalsky1].

MXI1 is a direct downstream target of miR-155 {#s3b}
---------------------------------------------

Because two target sites for miR-155 exist in the MXI1 3′UTR (one was predicted by miRanda, and the other by microRNA.org), we divided the MXI1 3′UTR into two fragments, MXI1-3′UTR1 and MXI1-3′UTR2; each fragment contains one target site. To determine whether miR-155 recognizes the sites in the 3′UTR of MXI1 mRNA, we cloned the MXI1-3′UTR1, MXI1-3′UTR2, and mutated versions of each (3′UTR1-mut and 3′UTR2-mut) downstream of the *Renilla* luciferase reporter gene in the psiCHECK2 vector to generate the MXI1-3′UTR1, MXI1-3′UTR2, MXI1-3′UTR1-mut and MXI1-3′UTR2-mut vectors ([Fig. 2A and B](#pone-0083055-g002){ref-type="fig"}). The MXI1-3′UTR or MXI1-3′UTR-mut vectors were co-transfected with the miR-155 expressing vector pLL3.7-miR-155 into 293T cells, and an empty vector (pLL3.7-miR-control) was used as a control. miR-155 could down-regulate both MXI1-3′UTR1 and MXI1-3′UTR2 in 293T cells. The repressive effect on luciferase activity was abrogated by a mutation in the seed region of the MXI1-3′UTR1 fragment and partially attenuated by a mutation in the seed region of MXI1-3′UTR2 fragment. In addition, Western blot analysis showed that miR-155 substantially down-regulated the level of endogenous Mxi1 protein in 293T cells ([Fig. 2C](#pone-0083055-g002){ref-type="fig"}).

![miR-155 down-regulates MXI1 mRNA and protein levels via the MXI1 3′UTR.\
(A, B) Two predicted target sites of miR-155 within the 3′UTR of MXI1. Several nucleotides within the seed region are mutated in the 3′UTR of MXI1. An empty vector or miRNA expression vector (pre-miR-155) was co-transfected with wild type UTR1, UTR2, or mutant UTR1 and UTR2. The luciferase activity of the transfected cells was measured at 48 h post-transfection. (C) Western blot analysis of MXI1 protein levels after the introduction of miRNA expression vectors (pLL3.7-miR-control or pLL3.7-miR-155) in 293T cells. (D) U87 cells were co-transfected with miR-155 expression vector and full-length MXI1 3′UTR; luciferase activity was measured after 48 h. Each data point was measured in triplicate. The values represent the means ± SD. Significant differences from the control value are indicated by \* *P*\<0.05, \*\* *P*\<0.01. (E) The relative expression level of miR-155 was measured by qRT-PCR after the introduction of either the inhibitor control or miR-155 inhibitor in U87 cells. U6 served as internal normalized references for miR-155. The average values ± SD of three separate experiments were plotted, \*\* *P*\<0.01. (F) Western blot analysis of MXI1 protein levels after the introduction of mimic control, miR-155 mimic, inhibitor control, or miR-155 inhibitor to U87 cells. The relative expression level of MXI1 was measured by qRT-PCR. β-actin and GAPDH served as internal normalized references for MXI1. The average values ± SD of three separate experiments were plotted, \*\* *P*\<0.01.](pone.0083055.g002){#pone-0083055-g002}

The effect of miR-155 on MXI1 was also confirmed in U87 glioma cells. The luciferase activity was decreased significantly when U87 cells were co-transfected with pLL3.7-miR-155 and a luciferase construct containing the full-length MXI1 3′UTR ([Fig. 2D](#pone-0083055-g002){ref-type="fig"}). Next, U87 cells were transfected with a synthetic miR-155 mimic and a miR-155 inhibitor. Western blot analysis showed that the level of endogenous Mxi1 protein was reduced by transfection of a miR-155 mimic. In contrast, when the expression of miR-155 in U87 cells was effectively down-regulated by the transfection of a miR-155 inhibitor ([Fig. 2E](#pone-0083055-g002){ref-type="fig"}), the level of Mxi1 protein was up-regulated compared to the inhibitor control ([Fig. 2F](#pone-0083055-g002){ref-type="fig"} upper panel). Real-time qRT-PCR analysis showed that the level of MXI1 mRNA was changed consistently with protein level ([Fig. 2F](#pone-0083055-g002){ref-type="fig"}, lower panel). Taken together, these data suggest that miR-155 directly targets MXI1 via its 3′UTR in 293T and U87 glioma cells.

miR-155 promotes glioma cell proliferation by the inhibition of MXI1 {#s3c}
--------------------------------------------------------------------

To understand the function of miR-155 in gliomas, we investigated the effect of miR-155 on glioma cell proliferation by directly counting cell number, MTT assays, and EdU assays. As indicated in [Figure 3A](#pone-0083055-g003){ref-type="fig"}, the number of U87 cells transfected with the miR-155 mimic was significantly increased compared to the number of cells transfected with the mimic control. The transfection of U87 cells with miR-155 mimic increased the relative absorbance of the cells in an MTT assay. Consistently, transfection of U87 cells with the miR-155 inhibitor decreased relative absorbance ([Fig. 3B](#pone-0083055-g003){ref-type="fig"}). Subsequently, we employed the EdU incorporation assay to further determine the function of miR-155 in enhancing U87 cell proliferation. The number of EdU-positive cells was increased by 1.7-fold or 1.3-fold when U87 cells were transfected with miR-155 mimic ([Fig. 3C](#pone-0083055-g003){ref-type="fig"}) or pLL3.7-miR-155 vector ([Fig. 3D](#pone-0083055-g003){ref-type="fig"}), respectively. In contrast, the number of EdU-positive cells was reduced by 34% in U87 cells that were transfected with the miR-155 inhibitor compared to cells transfected with the inhibitor control ([Fig. 3E](#pone-0083055-g003){ref-type="fig"}). Furthermore, a Caspase 3/7-Glo assay showed that miR-155 has no effect on the apoptosis of U87 cells ([Fig. 4](#pone-0083055-g004){ref-type="fig"}). These results suggest that the overexpression of miR-155 can enhance U87 cell proliferation and that the inhibition of miR-155 in U87 cells results in a significant reduction in cell proliferation.

![miR-155 promotes cell proliferation in U87 cells.\
(A) Validation of miR-155 induced proliferation by counting U87 cell number at 72 h after transfection with a miR-155 mimic. (B) U87 cells were transfected with a mimic control, a miR-155 mimic, an inhibitor control, or a miR-155 inhibitor as indicated, and the growth of the cells was investigated using MTT assays after 72 h. (C, D, E) U87 cells were transfected with empty vector, miR-155 expression vector, mimic control, miR-155 mimic, inhibitor control, or miR-155 inhibitor as indicated, and an EdU incorporation assay was carried out (scale bar, 50 µm). The EdU incorporation rate was expressed as the ratio of EdU-positive cells to the total number of Hoechst 33342-positive cells. The average values ± SD of three separate experiments were plotted, \* *P*\<0.05, \*\* *P*\<0.01.](pone.0083055.g003){#pone-0083055-g003}

![miR-155 has no significant effect on cell apoptosis in U87 cells.\
Caspase 3/7-Glo assays were performed 72 h after transfection. No statistically significant changes in Caspase 3/7 activity were observed in U87 cells that were treated with a miR-155 mimic (A) or a miR-155 inhibitor (B).](pone.0083055.g004){#pone-0083055-g004}

Similarly, a miR-155 mimic promoted the proliferation of U251 cells, and a miR-155 inhibitor was able to inhibit the proliferation of U251 cells ([Fig. 5A](#pone-0083055-g005){ref-type="fig"}). An EdU assay also showed more EdU-positive cells in U251 and A172 glioma cells that were transfected with a miR-155 mimic, respectively ([Fig. 5B and D](#pone-0083055-g005){ref-type="fig"}), and fewer EdU-positive cells in U251 and A172 cells that were transfected with a miR-155 inhibitor ([Fig. 5C and E](#pone-0083055-g005){ref-type="fig"}). Taken together, these results confirm that miR-155 is capable of promoting glioma cell proliferation.

![miR-155 promotes cell proliferation in U251 and A172 cells.\
(A) U251 cells were transfected with a mimic control, a miR-155 mimic, an inhibitor control, or miR-155 inhibitor, and the growth of cell was investigated using an MTT assay after 72 h. The absorbance at 490 nm was normalized to the control to determine cell viability. The given values represent the means ± SD. (B, C) U251 cells were transfected with a mimic control, a miR-155 mimic, an inhibitor control, or a miR-155 inhibitor as indicated, and an EdU incorporation assay was carried out (scale bar, 50 µm). (D, E) A172 cells were transfected with a mimic control, a miR-155 mimic, an inhibitor control, or a miR-155 inhibitor as indicated, and an EdU incorporation assay was carried out (scale bar, 50 µm). The EdU incorporation rate was expressed as the ratio of the number of EdU-positive cells to the total number of Hoechst 33342-positive cells. The average values ± SD of three separate experiments were plotted, \* *P*\<0.05, \*\* *P*\<0.01.](pone.0083055.g005){#pone-0083055-g005}

To test whether MXI1 mediated the cell proliferation promoted by miR-155 in glioma cells, a MXI1 expression vector was used to perform rescue experiments. The overexpression of MXI1 was validated by Western blot (data not shown), and the proliferation of U87 cells were inhibited as indicated by an EdU incorporation assay ([Fig. 6A](#pone-0083055-g006){ref-type="fig"}) and an MTT assay ([Fig. 6B](#pone-0083055-g006){ref-type="fig"}). These results were consistent with the previous report [@pone.0083055-Wechsler2]. Furthermore, when U87 cells were transfected with both the miR-155 mimic and the MXI1 expression vector, the effect of miR-155 in promoting cell proliferation was significantly attenuated, as indicated by an EdU incorporation assay ([Fig. 6C](#pone-0083055-g006){ref-type="fig"}) and an MTT assay ([Fig. 6D](#pone-0083055-g006){ref-type="fig"}). These results further suggest that MXI1 is one of the functional downstream targets of miR-155 in promoting glioma cell proliferation.

![MXI1 cDNA can rescue the effect of miR-155.\
(A) U87 cells were transfected with empty vector or with MXI1 cDNA, and an EdU incorporation assay was analyzed after 48 h (scale bar, 50 µm). (B) U87 cells were transfected with empty vector or with MXI1 cDNA, and the growth of the cells was investigated using an MTT assay after 72 h. (C) U87 cells were co-transfected with either mimic control and empty vector or miR-155 mimic and MXI1-cDNA. An EdU incorporation assay was analyzed after 48 h (scale bar, 50 µm). The EdU incorporation rate was expressed as the ratio of the number of EdU-positive cells to the total number of Hoechst 33342-positive cells. The average values ± SD of three separate experiments were plotted, \*\* *P*\<0.01. (D) U87 cells were co-transfected with either mimic control and empty vector or miR-155 mimic and MXI1-cDNA, and the cell growth was investigated using an MTT assay after 72 h. The absorbance at 490 nm was normalized to the appropriate control to determine cell viability. Values represent the means ± SD.](pone.0083055.g006){#pone-0083055-g006}

The level of MXI1 mRNA is inversely correlated with miR-155 expression in gliomas {#s3d}
---------------------------------------------------------------------------------

Given that MXI1 is functionally targeted by miR-155 in glioma cells, we analyzed the expression level of miR-155 and MXI1 mRNA in 18 sets of glioblastoma multiforme specimens and their corresponding normal adjacent tissues specimens by qRT-PCR. We found that the expression level of miR-155 was significantly higher in approximately 72% of our brain tumor specimens, with an increase of \>2-fold in 9 of the 18 tumor pairs ([Fig. 7A](#pone-0083055-g007){ref-type="fig"}). This result is consistent with miRNA microarray analysis in gliomas [@pone.0083055-Lages1]. In addition, we found that MXI1 mRNA levels were reduced by \>40% in 61% of brain tumors compared to the corresponding normal brain tissues ([Fig. 7B](#pone-0083055-g007){ref-type="fig"}). Using Pearson\'s correlation analysis of miR-155-MXI1 expression, we obtained a statistically significant inverse correlation (*R* = −0.4635, *P* = 0.0264) in all 18 tumors ([Fig. 7C](#pone-0083055-g007){ref-type="fig"}). These results suggest that the expression of miR-155 is inversely correlated with the expression of MXI1 mRNA in gliomas.

![Expression of miR-155 and MXI1 in neoplastic tissue and peritumoral brain tissues.\
(A, B) The expression of microRNA-155 and MXI1 in 18 pairs of tumor samples (gray bars) was measured relative to that of peritumoral tissues (black bars) using qRT-PCR. GAPDH and U6 served as internal normalized references for MXI1 and miR-155, respectively. The average values ± SD of three separate experiments were plotted, \*\* *P*\<0.01. (C) The association between the miR-155 and MXI1 expression values was evaluated using Pearson rank correlation analysis. The results indicated a statistically significant inverse correlation (*R* = −0.4635, *P* = 0.0264) in these 18 pairs of tumor samples.](pone.0083055.g007){#pone-0083055-g007}

Discussion {#s4}
==========

MXI1 is considered to be a tumor suppressor gene because it acts as an antagonist of the oncogene c-Myc [@pone.0083055-SchreiberAgus1], [@pone.0083055-Laherty1] and negatively regulates the promoter of c-Myc [@pone.0083055-Lee1]. In this study, we discovered that there is a decreased expression of MXI1 in three different glioma cell lines by qRT-PCR. We have identified for the first time that the MXI1 gene may be directly targeted by several miRNAs, including miR-155. miR-155 is located in the noncoding BIC gene, which was originally identified as a frequent site of integration of the avian leukosis virus [@pone.0083055-Kluiver1], [@pone.0083055-LagosQuintana1]. To study the deregulation of MXI1 in gliomas, we initially predicted two miR-155 binding sites in the MXI1 3′UTR using miRanda and microRNA.org ([Fig. 2A and B](#pone-0083055-g002){ref-type="fig"}). Then, a dual luciferase reporter assay was performed to confirm the predicted binding sites. miR-155 could significantly down-regulate the activity of luciferase reporter genes via the MXI1 3′UTR. In contrast, when miR-155 binding site 1 in the MXI1 3′ UTR was mutated, the inhibition of luciferase activity was completely abolished, but the inhibition was only attenuated when site 2 was mutated ([Fig. 2A and B](#pone-0083055-g002){ref-type="fig"}). This may be because mutations in the seed region are not sufficient to abrogate the interaction between miR-155 and the target site because the sequence in other region also plays a role in the interaction [@pone.0083055-Zhou2] and a large portion of miRNA-mRNA interactions involve the miRNA 3′ end [@pone.0083055-Helwak1]. Additionally, there may be other sites that are targeted by miR-155 and may not be predicted by microRNA target prediction programs. Furthermore, the overexpression of miR-155 suppressed the levels of both MXI1 protein and mRNA, and the down-regulation of miR-155 resulted in the up-regulation of the levels of both MXI1 protein and mRNA. This is consistent with the results showing that MXI1 mRNA was increased by 1.5-fold in miR-155-deficient B cells [@pone.0083055-Vigorito1]. All these results suggest that MXI1 is a direct target of miR-155, and this enhances our understanding of the mechanisms of MXI1 down-regulation in glioma cells.

Given the tumor suppressor effect of MXI1, we studied the potential role of miR-155 in glioma cell proliferation by directly counting cell number and performing MTT and EdU incorporation assays. Our experiments in U87, U251 and A172 cells showed that miR-155 positively affected glioma cell proliferation. The overexpression of MXI1 in U87 cells could decrease the effect of miR-155. Therefore, miR-155 may promote the proliferation of glioma cells by directly targeting MXI1. It has been observed that miR-155 and c-myc are always highly expressed in B cell lymphomas [@pone.0083055-EsquelaKerscher1], [@pone.0083055-Tam2]. The fact that Mxi1 can negatively regulate c-myc expression via the c-myc promoter [@pone.0083055-Lee1] may be the reason that miR-155 is positively correlated with c-myc. The co-expression of miR-155 with c-myc has been found to synergize lymphomageneis. Therefore, it is possible that mir-155 functions as an oncogene in cooperation with c-myc [@pone.0083055-EsquelaKerscher1]--[@pone.0083055-Tam3].

To further understand the role of miR-155, we quantified the expression of miR-155 and MXI1 in 18 sets of glioblastoma multiforme specimens and their corresponding normal adjacent tissues. Elevated miR-155 expression occurred in 72% of our brain tumor specimens ([Fig. 7A](#pone-0083055-g007){ref-type="fig"}). Recently, increasing numbers of studies have revealed that miR-155 plays important roles in mammalian physiological processes that involve innate and adaptive immunity, viral infection and oncogenesis [@pone.0083055-Teng1]. This may partially explain why miR-155 is up-regulated in many types of tumors, including lymphoma, breast, lung, pancreatic, thyroid cancer and gliomas [@pone.0083055-Kluiver1], [@pone.0083055-Lages1], [@pone.0083055-Iorio1]--[@pone.0083055-Nikiforova1]. However, the function and the mechanism of the highly expressed miR-155 in glioma have not been fully determined. In this study, we found that the expression of MXI1 mRNA in 18 pairs of samples was reduced by \>40% in 61% of our brain tumor samples. The expression of miR-155 and MXI1 in glioma samples was analyzed and showed a significant inverse correlation. This finding further confirmed that miR-155 could target MXI1 in glioma samples.

In summary, from screening a panel of up-regulated miRNAs in glioma, miR-155 was found strongly to target MXI1, which is a tumor suppressor gene that is down-regulated in gliomas. By increasing the level of miR-155 expression, it was revealed that miR-155 stimulates glioma cell proliferation. Furthermore, the overexpression of the MXI1 gene could rescue the effect of miR-155 on cell proliferation. Mutations in the miR-155 targeting sites in MXI1 abrogated or attenuated this inhibitory effect. At the same time, we determined that the level of MXI1 mRNA was inversely correlated with miR-155 expression in glioblastoma multiforme specimens. This result suggests that miR-155 directly and functionally targets MXI1, which may relate to glioma-genesis or glioma progression. Exploiting miR-155-based therapy may be beneficial for the clinical treatment of cancers, including gliomas.
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